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Abstract
The following study investigates the behavior of bubbles created by air injection
under a tapered microgap. It is a continuation of previous work from the Thermal
Analysis and Microfluidics Lab at RIT which showed that placing a tapered gap
manifold over a heated surface in a pool boiling setup could direct the flow of
vapor created by two-phase heat transfer and create a pumping effect to increase its
heat transfer performance. This study isolates this phenomenon and examines
exactly how bubble motion affects liquid throughput. The results of this study
provide insight into the specific parameters which induce this effect such as taper
angle, flow rate of air, and manifold gap height. An experimental setup has been
fabricated which mimics the flow of vapor created by pool boiling on a heated
surface. It consists of a volume of water, an orifice through which air is supplied, a
polysulfone taper, a peristaltic pump, and a high speed camera to record motion.
Videos are saved and analyzed in a tracking software to provide position, velocity,
and acceleration data. This data is used to compare taper configurations and
evaluate performance. Four different flow patterns were observed during the
passage of air through the microgap: “bubble squeezing”, ”bubble sticking”, ”no
squeezing”, and “bubble slingshot. The installation of side curtains on the taper
restricted flow to the inlet and outlet and prevented fluid from escaping from the
sides. Taper angle and inlet area were seen to be the most influential parameters in
the flow pattern outcome for the bubble. The most desirable flow patterns are
“bubble squeezing” and “bubble slingshot” as they provide higher interface
velocities indicative of increased liquid throughput. This is expected to improve the
heat transfer during boiling in this geometry.
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1.0 Problem Introduction
The Microfluidics and Thermal Analysis Laboratory at RIT explores ways to increase the efficiency of
fluid heat transfer. In the case of two-phase flow, a phenomenon has been introduced which can increase
the heat transfer of a pool boiling setup.
This mechanism transforms pool boiling into self sustained flow boiling using a tapered microgap over a
heater surface. This method utilizes the bubbles formed by pool boiling and forces them to expand in the
direction of the taper. The squeezing of the bubbles and the effects of pressure recovery create a net
pumping head. This increases heat transfer without the use of a pump. [1] Experiments have been
conducted in the context of a CPU cooler, and improvements have been shown in increases in critical heat
flux (CHF) and heat transfer coefficient (HTC). We would now like to look closer and find out exactly
how the motion of the bubbles influences these changes.
In Spring of 2022, experiments were conducted in order to mimic this phenomenon. A tapered gap was
placed in a volume of water and its angle relative to the surface was varied between 2 and 15 degrees. The
taper was placed over an orifice where air was pumped at flow rates varying between 5 and 15 mil/min.
The bubbles created by the air simulated the vapor bubbles created by two-phase flow. Their movements
were captured by a high-speed camera and data was collected based on position, velocity, and
acceleration. The purpose of this study was to see how changing taper angle and flow rate would affect
the squeezing of bubbles. The results were categorized into four outcomes, “bubble squeezing”, “no
squeezing”, “bubble sticking”, and “bubble slingshot”. “Bubble squeezing” and “bubble slingshot”
showed the greatest potential for fluid movement.
In the Fall of 2022, a second stage of experiments were conducted which focused on the configurations
which produced those outcomes. The newer research hones in on the effects of gap height, specifically on
lower angles which were shown to produce the best results. Experiments are conducted with a new test
setup which provides better image quality for high speed video, a modular orifice diameter, and a sturdier
construction. Additionally, a set of transparent curtain walls are fitted around the taper which fully enclose
the channel. This restricts fluid motion so that it must enter through the rear of the taper and not the sides.
Data analysis is conducted the same way it has in the past using Tracker, Matlab, PFV, and Excel.

2.0 Explanation of the Pool Boiling Curve

Figure 1. The Pool Boiling Curve

Pool boiling is a two-phase heat transfer process in which a pool of water interfaces with a heated surface
transforming liquid into vapor while removing high heat fluxes. The pool boiling curve shown in figure 1,
first described in a landmark study from Nukiyama [2], illustrates the various regimes of pool boiling by
presenting a graph of heat flux, q” by wall superheat, ∆𝑇. ∆𝑇 is the difference in temperature between the
heater surface and the superheated liquid.
Free Convection
Section A-B on the curve represents free convection. A slight increase in ∆𝑇 is achieved and fluid motion
is defined by the effects of free convection until onset of nucleate boiling is reached and bubbles begin to
form.
Nucleate Boiling
Section B-D on the curve represents nucleate boiling. Divided into two subsections, section B-C
represents partial nucleate boiling where isolated bubbles form at nucleation sites and separate from the
heater surface. This separation is characterized by considerable fluid mixing which increases heat flux and
heat transfer coefficient. Heat exchange occurs mostly through direct transfer between the heater surface

and the moving fluid, rather than the motion of vapor bubbles. As ∆𝑇 continues to increase, more
nucleation sites are activated and more bubbles are formed. In section C-D, nucleate boiling becomes
fully developed and vapor begins to form into jets or columns which coalesce into slugs which carry more
heat from the surface.
Transition Boiling Region
At D, the critical heat flux is reached. At this point, the amount of vapor produced due to coalescence is
so great that the surface of the heater becomes almost completely covered with vapor. This prevents
further rewetting of the surface. Section D-E shows a decrease in q” because the thermal conductivity of
the vapor is much less than that of the liquid.
Film Boiling
At point E, the surface of the heater is entirely covered in vapor. Heat transfer occurs by conduction and
radiation from the heater to the vapor. The leidenfrost effect occurs where vapor formed by the high wall
superheat acts as an insulating barrier to any liquid close to the surface. Section E-F shows a gradual
increase in heat flux and CHF will eventually be exceeded. [3]

3.0 Research Question
Previous research has studied the effect of a tapered gap microchannel over a heated surface on enhancing
heat transfer in pool boiling and generating a self-sustained flow boiling system. Improvements in critical
heat flux have been demonstrated, but it has not yet been shown exactly how these bubbles move in order
to create this phenomenon. To understand the bubble dynamics in the tapered channel configuration, an
experimental study is proposed with discrete air injection in a tapered manifold. By studying this
phenomenon more closely, an optimal configuration may be found where the largest amount of fluid is
moved and therefore the largest amount of heat can be dissipated.
These concepts can be condensed into the following research questions.
●

How does taper angle, flow rate, and gap height affect bubble movement?

●

Can we find optimum configurations which create a more efficient bubble “slingshot effect”?

●

What is the effect of these parameters on generating high liquid throughput in these channels?

4.0 Literature Review
Since the introduction of the pool boiling curve from Nukiyama [2] in 1934, many studies have been
conducted in order to increase the efficiency of heat transfer in boiling setups. The majority of these
experiments have taken place on a setup using a copper heater chip and a source of water. Using a series
of thermocouples, data is collected which is used to find heat flux and heat transfer coefficient between
the heater surface and the water. These values are used to compare the performances of the studies.
There have been many iterations of this setup but an early example is demonstrated in a study from Cooke
and Kandlikar [4]. This study utilizes their standard testing setup for pool boiling using test chips with
various surface modifications. They used copper chips with water at atmospheric pressure. Ten different
chips were tested with varying dimensions of width, depth, and quantity. Using a width and depth of 375
µ𝑚 x 400 µ𝑚, their results showed that they achieved a heat flux of 244
of 269
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with a corresponding HTC

, which was the highest value recorded. This initial research showed how varying channel

geometry affects the heat transfer of a pool boiling apparatus and provided a basis for future work. It also
showed that wider and deeper channels with thinner fins tended to have a greater effect on performance.
Similar investigations were explored using flow boiling which also evaluated performance of various
microchannel configurations. A study from Prajapati, Y.K. et. al [5] tested flow boiling characteristics of
three configurations of microchannels. It tested uniform, diverging, and segmented cross sections. It was
found that segmented channels showed higher heat transfer coefficients than the other variants. It is
proposed that the reason for this might be due to enhanced mixing during single phase flow, as well as
increased movement of bubbles between main and secondary channels. This concept of bubble movement
is important, and will continue to be explored.
Rahman and Olceroglu [6] explored the role of nanostructures on enhanced wetting properties to increase
CHF in pool boiling. This work quantitatively measured the effects of wickability on CHF for
superhydrophilic surfaces. Their wickabilites were quantified using the wicked volume flux. They tested
over three dozen surfaces which were created by using biotemplating, photolithography, and oxide
formation. Each surface was tested in a pool boiling setup and values for CHF were compared. A linearly
increasing relationship between CHF and wicked volume flux was found. They were unable to find a
similar relationship between CHF and roughness. Out of all of their tests, they found a maximum CHF of

257
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which was the highest reported CHF for water on a silicon substrate as well as the highest

reported CHF for a superhydrophilic surface on any substrate. This occurred using a hierarchical design
with the highest measured value of wicked volume flux out of all of the samples. They go on to detail the
effect of surface fouling on various substrates and how repeated testing degrades the samples and impacts
CHF. They also remeasure wickability for these samples and find that their linear relationship with CHF
is maintained. This supports their claim that wickability is the single key factor in dictating critical heat
flux on structured superhydrophilic surfaces.

Chu et. al [7] tested hierarchically structured surfaces in pool boiling and studied their effects on CHF.
They tested three samples which were fabricated using electrophoretic deposition of silica nanoparticles
on microstructured silicon, and three samples of electroplated copper microstructures covered with copper
oxide nanostructures. Each set was compared to a control sample which represented a smooth surface
from their respective materials. They found high CHF values of 236
250
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for silica-based surfaces and

for copper oxide-based surfaces. They attribute these results to high surface roughness factors.

They also observed a sudden reduction in wall superheat which they explain to be caused by activation of
nucleation sites within the nanostructures. They also describe a practical issue with silica based
hierarchical surfaces in that while they have a high surface roughness, they also have a high thermal
resistance which presents challenges in implementation. They go on to highlight the importance of
thermal characteristics while designing these structures so that CHF can be maximized without sacrificing
heat transfer performance.

Zou and Maroo[8] researched ways to enhance CHF by targeting the non-evaporating film which is
formed at the base of a vapor bubble below the contact line region. They fabricated nano/micro ridges on
surfaces to fragment and evaporate this layer. The ridges ranged from 300 nm to 1.3 µ𝑚 and were made
from either silicon or silicon dioxide. They generated samples using deep ultraviolet photolithography and
etching, as well as chemical deposition. A 0.75 cm x 1.25 cm heater was used and the various chips were
cut into 2 cm x 2 cm squares which were analyzed by scanning electron microscopy. In a pool boiling
setup they tested CHF and corresponding heat flux. They achieved a maximum heat flux of 177.2
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in

a silicon dioxide sample with 1060 nm x 595 nm ridges and 4.90 µ𝑚 spacing. They also achieved a heat
flux of 158.8

𝑊
2

𝑐𝑚

in a silicon sample with 1270 nm x 460 nm and 5.00 µ𝑚 spacing. They found that

enhancements in CHF were not present when ridge heights were below the thickness of the evaporating
film. It is explained that when ridge heights are greater than this thickness, the film can be dispersed into
independent slabs of water which evaporate and increase CHF. An analytical model is also presented to
support this claim and to determine the average thickness of the non-evaporating film which can help
guide the design of nano/micro structures.

Mori and Okuyama [9]found increases in CHF in pool boiling using honeycomb porous media which
helped supply liquid to the heater surface using capillary action and reduce the flow resistance of vapor
escape due to separation of liquid and vapor flow paths. They used a cylindrical copper heater which was
32 mm in diameter by 100 mm in height. The honeycomb plate was bought commercially as a filter for
purifying exhaust gasses in combustion engines. They consist of a grid of 1.3 mm x 1.3 mm square holes
with 0.4 mm spacing. The thicknesses of the filters were 1.2 mm, 5.0 mm and 10.0 mm. They tested these
thicknesses against a plain surface for comparison. It was found that the 1.2 mm filter had a CHF of 2.5
𝑀𝑊
2

𝑚

which was 2.5 times that of the plain surface. They explain that the capillary suction effect is likely

responsible and that it is less likely to be caused by surface area effect, and the effect of a decrease in the
distance between vapor columns. Therefore, it was concluded that the porous plate must have strong
capillary action in order to increase CHF. They also proposed a one-dimensional capillary-limit model
which supported the quantitative values. They predicted that given a 1.2 mm filter, the optimum vapor
channel width would be 0.16 mm and would reach a CHF of approximately 8

𝑀𝑊
2

𝑚

.

Rahman et. al [10] were able to demonstrate an increase in boiling heat transfer by embedding an array of
non-conductive lines onto a conductive heater surface. 420 µ𝑚 x 290 µ𝑚 grooves were machined into the
surface and filled with a two-part epoxy. The entire surface was then sanded flat and the result was a
copper chip which was divided into parallel strips. Various configurations were tested including 2, 4, 6, 8,
10, and 12 divisions per centimeter. They define the distance between each line to be P which also
roughly represents the behavior and location of escaping vapor and replenishing liquid. Using a custom
built experimental pool boiling apparatus, each fabricated surface was heated until thermal equilibrium
was achieved. Heat flux and surface temperatures were recorded until CHF was reached. The boiling
process was recorded with high-speed imaging at over 3000 fps. Bubbles formed exclusively over copper
regions while the epoxy division lines suppressed nucleation and remained wetted at all times. This
created the formation of ordered pathways for liquid return. In the configuration of 4 divisions per
centimeter with a P value of 2.33 mm, heat transfer coefficient was seen to be 5 times greater than that of

a plain copper chip. They found that vapor bubbles preferentially nucleate due to the temperature
concentration directly between each line and that the distance P nominally coincides with size of bubbles
undergoing lateral coalescence. They also mention that because this mechanism does not rely on surface
coatings or surface wicking, it is not susceptible to material degradation, clogging, or mechanical failure.
It also does not rely on complex manufacturing or precise geometric shapes to induce boiling
enhancement.
As far back as 2011, the idea of modifying vapor pathways in order to organize flow was pursued.
Balasubramanian, K. et. al [11] conducted flow boiling experiments in straight and expanding
2

microchannels with deionized water and 25 𝑚𝑚 copper test chips. Expanding geometry helped direct
flow within microchannels and prevent flow reversal. It was shown that pressure drop in expanding
microchannels was close to 30% lower than in straight microchannels. It was also shown that expanding
microchannels had higher values of flow boiling heat transfer coefficient for the same wall heat flux and
coolant mass flux compared to straight microchannels.
Direction of vapor flow became a major focus of the lab at RIT and many more studies were published. In
2013, a study was published by Kandlikar et al. [12] featuring a new test setup. Open microchannel
manifold, or OMM, used a similar setup to Balasubramanian, K. et. al [11], with flow through a closed
channel entering a chamber containing a heater with surface, but with the addition of a tapered surface
above the copper chip in order to promote expansion of vapor. They tested two test chip configurations,
one using an area of 10mmx10mm microchannels, and one with just a plain surface. The microchannels
had a width and depth of 217 µ𝑚 x 162 µ𝑚. They also tested each chip using the tapered manifold and
with a uniform manifold. In the case of the uniform manifold, the microchannel chip performed
significantly better than its plain counterpart, which was expected. When comparing the effect of the taper
versus uniform manifolds, the tapered manifold showed slight improvement. It is proposed that this is
caused by flow stabilization gained from creating a space for bubbles to expand in the direction of flow.
An interesting finding is that despite the greater efficiency of vapor removal via flow boiling, previous
experiments in pool boiling outperformed this setup in terms of HTC at all heat fluxes.
A few more studies on OMM were conducted. Kalani and Kandlikar [13] created a pressure drop analysis
for various taper configurations using the homogeneous flow model. It evaluated a few different
approaches and compared their results to experimental data. It was confirmed that the lower pressure
drops seen in the OMM are largely due to the change in area caused by the taper. Their models were also
confirmed by high speed camera. High speed imaging was also used by Kalani and Kandlikar [14], who

looked closer at nucleating bubble behavior and flow patterns in high heat fluxes. They were able to
compare flow regimes of closed microchannels and OMM and classified movement into five categories:
bubbly, slug, bubbly, annular, and inverted annular. Each case was referenced to its respective values of
heat flux. They were able to further explain why OMM geometry is able to maintain stable flow and reach
very high values of heat flux.
All of these studies provide an introduction to the next stage of research. The effectiveness of tapered
manifolds over microchannels has been sufficiently proven to increase heat transfer efficiency between a
heater surface and a volume of liquid. The following studies are able to apply all of this work in the
context of a CPU cooler. Since the CPU is essentially a square heater, the previous setups can be modified
in order to fit onto a motherboard. The first of these new setups were implemented by Emery et al. [15],
who used HFE-7000 as a coolant. A copper plate was placed directly over an i7-930 CPU, to which a
lexan manifold was mounted. The manifold was machined out of a cylindrical piece of plastic. A 3.43°
taper was milled into its underside. Plumbed into this manifold were three major components, a
condenser, an evaporator, and a degassing system. The evaporator contained the manifold which enclosed
a 10 mm x 10 mm arrangement of 200 µ𝑚 x 200 µ𝑚 microchannels with a fin width of 200 µ𝑚. The
condenser consisted mainly of a liquid reservoir and a condensing coil. The reservoir fed the evaporator
and recycled its liquid/vapor mix. The degasser helped remove dissolved gasses from the coolant which
could alter its boiling characteristics. This apparatus was tested against two commercial coolers, one
water based and one air based. The results of this study showed a CHF of 44.2 W/cm^2. The performance
of this setup lacked behind that of the commercial water based cooler, but it still showed significant
cooling capability and left room for improvement. The end of the article proposes that more research is
needed to find an optimal configuration of taper angle and flow rate.
The following study from Chauhan and Kandlikar [16] improved greatly upon this setup using a modified
evaporator which used a new manifold with a dual taper instead of a single. The reason for this was to
reduce the pressure drop and flow length while still providing adequate vapor expansion. Three taper
angles were tested: 2°, 2.5°, and 3.5°. It was found that their thermosiphon cooler outperformed both
commercially available CPU coolers. A parameter θ𝑗−𝑐𝑤 was used to define the temperature of the cpu
compared to the temperature of the chiller water. θ𝑗−𝑐𝑤 is used to compare the heat dissipation
performance of each cooler. The 2 degree taper was able to maintain the lowest θ𝑗−𝑐𝑤 at 43° C, where the
air and water coolers were at 74° C and 56° C respectively. This study is a landmark success in terms of

the viability of this technology. Outperforming both methods of traditional cooling validates the past
research and highlights the importance of future work.
The most recent studies look to further investigate the phenomena which drive these results. Chauhan and
Kandlikar [17] isolated the dual taper manifold from Chauhan and Kandlikar [16] and submerged it in a
volume of HFE-7000. The purpose of this was to find geometric effects on HTC. Five angles and two gap
heights were tested: 5°, 10°, 15°, 20°, and 25° and 0.8 mm and 1.27 mm. While improvements in HTC
were observed across all configurations, an increase in CHF was not. The study also proposed a
theoretical model which showed accuracy in certain configurations, but it was suggested that more work
be done to further optimize geometry and our understanding of bubble squeezing. The next iteration of
this study continued to isolate this behavior and focused on a single taper manifold over a surface heater.
The setup was carefully recorded using a high speed camera and bubble motion was tracked. It tested two
angles and two gap heights, 2° and 10°, and 0.35 mm and 1.2 mm. It also proposed a theoretical model of
bubble expanding force and pressure recovery. The results of this study help establish limitations of the
phenomenon by outlining certain conditions where the vapor flow became unstable. Finally, suggestions
for future research are outlined which include enclosing the sides of the taper, categorizing bubble
motion, and finding optimal geometry. [18] These will be addressed in the following sections.
In summary, the past research in this subject has proven that directing vapor flow through microchannels
can be used to create an efficient method of cooling. This phenomenon should continue to be researched
in order to maximize its potential and further bubble-centric study would provide us with a greater
understanding of the bubble motion in a tapered microgap.
.

5.0 Objectives
The effectiveness of the tapered microgap over a pool boiling setup has already been demonstrated, but it
has not been studied exactly how bubbles squeeze and flow fluid. This leaves a gap in our knowledge
base of how this phenomenon occurs. By studying this, we are able to learn more about why this produces
such a result, and if there is a combination of specific parameters which maximizes it. The following
objectives will expand on the previous work, and show in greater detail how the bubbles move.
●

Design and fabricate an experimental setup to study the effect of taper gap and taper angle on
injected air bubbles in the taper microchannel

●

Configure existing setup to run tests of varying gap height, flow rate, and taper angle

●

Record tests at 500-2000 fps

●

Track receding and advancing edge movement using software

●

Analyze data and categorize movement

●

Look at which configurations produce large increases in bubble velocity and produce highest
liquid throughput

6.0 Preliminary Work
More recently, in Spring 2022, tests were conducted using a simplified setup which was able to produce
velocity data that created some useful discussion on bubble movement. These experiments built upon a
study from Kalani and Kandlikar [1]. This study tested two angles, 10 and 15 degrees in a pool boiling
setup. Though it did provide imaging from a high speed camera, it did not track the exact movements of
each bubble. This information would have been useful to us, as it could have provided reference as to
which taper/flow rates were most efficient in creating self-sustaining flow. In order to reproduce this
accurately, the nucleating bubbles produced by the surface heater were replaced by a steady flow of air
supplied by a syringe pump. The purpose of this was to simplify the setup and eliminate as many
variables as possible. By testing more angles and flow rates, it increased the likelihood of finding an
optimal combination which could create the largest amount of fluid flow.

6.1 Experimental Setup

Figure 2. Photograph of the Acrylic Box Used to Conduct Experiments

The experiment was carried out using a 24 cm x 16 cm x 12 cm acrylic box with a 1.4 mm orifice drilled
into its lower surface shown in figure 2. A tube was attached to the underside of this hole and a syringe
pump was connected which could precisely dispense air at various flow rates.

Figure 3. Photo of Suspended Taper

Suspended above the orifice was a polysulfone taper which was 12mm in length shown in figure 3.
Polysulfone was picked because of its transparency and machinability. The mounting system of the taper
allowed it to move in three directions and for its angle to be changed.

Figure 4. Matrix of Parameters

Show in figure 4 is a matrix of parameters. Five angles were tested, 2° , 5° , 10° , 12°, and 15°. Each
angle was tested at three different flow rates, 5, 15, and 25 mil/min.

Figure 5. Photo of High Speed Camera

Positioned towards the orifice was a high speed camera shown in figure 5 which could capture movement
of the bubbles in slow motion. The camera was on its own movement rig which was controlled digitally
using a series of motors. A high powered lightsource was also used in order to illuminate the high speed
footage. Each taper configuration was tested, recorded, and saved.

Figure 6. Photo of Tracker Software

The video files were then imported into a tracking software shown in figure 6 which tracked the
advancing and receding edge of an individual bubble along its entire trajectory, frame by frame, from the
moment it was formed to the moment it left the view. Position, velocity, and acceleration were collected.
The contact angle was also analyzed for 3 frames of each case. The data was then put into Matlab and
graphs were generated.

6.2 Results

Figure 7. Results of 5° at 15 mil/min test.
(a) Velocity vs x-Position (b) Velocity vs. Time (c) Position vs. Time

After collecting data from all fifteen tests, it became clear that bubble movement could be categorized in
four cases. Case one was the event of “bubble squeezing”. In this outcome, the bubble formed and

traveled rightward along the taper. It was squeezed enough to deform its shape, but not greatly. As the
taper got larger, the bubble was squeezed less. When the bubble exited the taper, the advancing edge
dragged slightly behind the receding until it reached a certain point where it was quickly released and the
bubble began to float towards the surface. This could be represented by a spike in velocity in figure 7(a)
at around 9 mm. This could also be seen in frame (e) of figure 1 at t=0.4180 s where the bubble stretched
as it exited the taper.

Figure 8. Results of 12° at 5 mil/min test.
(a) Velocity vs x-Position (b) Velocity vs. Time (c) Position vs. Time

Case two was the event of “no squeezing”. In this outcome, the angle of the taper was so large that the
bubble was not squeezed after its formation. This could be seen in figure 8(a) where the curve was much
more linear and there was a much less defined change in velocity as the bubble left the taper. This was
also shown in figure 12 where the shape of the bubble changed very little over the course of its travel.

Figure 9. Results of 2° at 15 mil/min test.
(a) Velocity vs x-Position (b) Velocity vs. Time (c) Position vs. Time

In case three we had the event of “bubble sticking”. This was where the bubble was formed as normal, but
as it left the taper, a portion of its volume was left behind and became stuck underneath. This could be
seen in figure 9(a) where data abruptly ended at about 4 mm. This was also shown in frame (e) of figure
13 where the remainder of the bubble came to rest at t=0.9440s
.

Figure 10. Results of 2° at 25 mil/min test.
(a) Velocity vs x-Position (b) Velocity vs. Time (c) Position vs. Time

The final and most interesting case was the event of “bubble slingshot”. In this outcome, the bubble was
squeezed greatly and as the receding edge exited the taper, the advancing edge lingered much further
towards the orifice than in case one. When the advancing edge finally caught up, it snapped violently
towards the end of the taper. In figure 10(b) we saw the largest spike in velocity of any test. This was also
shown in frame (c) and (d) of figure 14 where the length of the bubble went from the orifice to beyond the
edge of the taper.

Sample Image Series of Testing Stage from High Speed Video
Figure 11. 5° at 15 mil/min Series

Figure 12. 12° at 5 mil/min Series

Figure 13. 2° at 15 mil/min Series

Figure 14. 2° at 25 mil/min Series

6.3 Discussion
Our initial experiments capturing bubble motion demonstrated the effects of taper angle and flow rate on
kinematic behavior. Out of the four cases, case three, “bubble sticking” was least favorable from the
perspective of fluid flow. After the bubble became stuck, it prevented further development and the taper
became unable to direct the formation of bubbles in any useful way. In our tests, this occurred in the 2° at
15 mil/min (figure 9,13), 2° at 5 mil/min, and 5° at 5 mil/min configurations. These were low angles and
medium-low flow rates. Case two, “no squeezing”, was also unhelpful to us, as cited in [1], it is the effect
of bubble squeezing that created the pumping head, and there is none in this configuration. These
occurred at 12° at 5 mil/min (figure 8,12) and every configuration using 12° or 15°. These were the two
steepest angles used. Case one, which provided moderate squeezing was still useful to us and may still
provide a pumping advantage. This occurred at 5° at 15 mil/min (figure 7,11), 5° at 25 mil/min, and every
configuration using 10°. Case four, “bubble slingshot”, showed the most promise, as it provided the
greatest exit velocity and therefore, greatest fluid velocity. This occurred most prominently at 2° at 25
mL/min (figure 10,14). This was our lowest angle and our highest flow rate. It is interesting to note that at
5-15 mL/min the 2 degree angle was useless, but at 25 mil/min it produced the fastest trajectory.

7.0 Second Round of Experiments

Figure 15. New Matrix of Parameters

Figure 16. Diagram of How Parameters are Measured

The new work delves deeper into the concepts established by the previous experiments. The purpose of
this second round of experiments was to see how varying taper angle, flow rate, and gap height affect
bubble movement. Building on the results of the previous semester, it was determined that the most
interesting outcomes occurred at low angles and higher flow rates. Therefore, a second matrix of
parameters was generated as shown in figure 15.

The matrix presents a parametric study to evaluate taper angles of 2° and 5°, airflow rates of 15 mL/min,
30 mL/min, 45 mL/min, and gap heights of 0.3 mm, 0.6 mm, 0.9 mm, 1.2 mm. Gap height was initially
not controlled in the preliminary work presented in the thesis proposal. By narrowing down the angles and
flow rates and including the effects of gap height, we can get a better understanding of how this
phenomenon occurs and how its potential can be maximized. These experiments took place in a new setup
which is described in detail below. Figure 16 illustrates how these parameters are defined. Taper angle is
measured between the taper block and the horizontal axis. Gap height is the y-distance measured from the
lowest point of the taper to the lower side. Inlet length is the x-distance measured from the lowest point of
the taper to the outer diameter of the orifice. It is controlled at 1 mm.

7.1 Experimental Setup

Figure 17. Photo of New Setup

Figure 18. Schematic of New Setup

Figures 17 and 18 show the actual and schematic representation of the new setup used for the second
stage of experiments. This new system makes sure to replicate important details of the previous setup,
while including various upgrades which increase the quality of the data collected. Of the major
components, the enclosure, the pump, and the light have been updated.

Figure 19. Photo of New Enclosure

The new enclosure shown in figure 19 has been constructed from 11.3 mm thick polycarbonate which
creates a working volume of 150 mm x 150 mm x 100 mm. It features a 32 mm thick aluminum base with
adjustable feet for leveling. There is a 12 mm thick aluminum lid with a large opening to accept the taper
and suspend the slides. The lid and the base are connected by four bolts which put pressure on the
polycarbonate box to eliminate leaking which was an issue with the previous setup. The interior of the
enclosure was carefully cleaned and polished to ensure image clarity.

Figure 20. Photo of Lighting Setup

Figure 21. Photo Series Comparison of Lighting

Figure 20 shows a photograph of the new lighting system. It has been completely overhauled since the
previous semester. An issue with the previous setup was that the light source was too concentrated. If the
light source was pointed directly at the subject, the frame would become over exposed and completely
flooded with light. The only solution was to point the light slightly away from the center which was able
to illuminate the subject slightly, but caused the formation of many dark spots and shadows which
sometimes obstructed the visible edge of the bubble which made data collection difficult. The result of
this is shown in the leftmost frame of figure 21. The next iteration of the lighting used a paper diffuser
which helped reduce the concentration of the source. The result was a uniform white backdrop shown in
the center of figure 21. Though this eliminated most of the shadows, detail of the bubbles was largely
reduced. The final iteration, shown on the right of figure 21, used a modified ring light as a direct source
to cover a wider area of the frame in combination with a secondary diffused source. The resulting video
was highly detailed with good contrast between the bubble and the background. This made data collection
much easier, as the edge of the bubble is strongly defined throughout its entire trajectory.

Figure 22. Photo of Peristaltic Pump

The setup was also fitted with a peristaltic pump shown in figure 22. This replaced the syringe pump from
last semester. The peristaltic pump operates at a larger range of flow rates, between 2-130 mL/min. It also
runs continuously, as opposed to the syringe pump which must be reset once its full volume has been
ejected.

Figure 23. Photo of Various Slides

The new setup utilizes a series of interchangeable slides with various orifice sizes ranging from 0.3 mm to
1.55 mm as shown in figure 23. A selected slide is then suspended in the enclosure as shown in the center
of figure 19.

Figure 24. Schematic of Side Curtains

Figure 25. Photo of Side Curtains

Another addition to the setup was the installation of side curtains. The side curtains create a thin wall of
polycarbonate which surround the taper and enclose the taper gap into a channel, such that transverse flow
of vapor is impossible. The purpose of this was to prevent bubbles from wandering to the side instead of
exiting through the end of the taper. The side curtains also guide the taper to be perfectly centered over
the orifice. As shown in figure 23, large channels were milled into each slide which allowed the side
curtains to be mounted perpendicularly. Figure 24 shows a detailed schematic of how these components
fit together and figure 25 shows a photograph of an assembled slide.

7.2 Procedure
Before secondary testing could begin, an additional slide needed to be fabricated with an orifice of 1.4
mm which matched the diameter of the previous setup. In a separate calibration test, it was confirmed that
the average diameter of each bubble without influence of the taper in the new setup adequately matched
the same measurements taken from the previous setup. Testing was then initiated following the new
matrix of parameters from figure 15.
Running a Test
After the enclosure has been fully cleaned, it is placed in front of the high speed camera, and the desired
slide is installed with its side-curtains. The taper is also suspended above the slide.
The Photron high speed camera and its peripherals are switched on and the PFV (Photron FASTCAM
Viewer) software is run. This software allows for the recording and viewing of high speed video. A live
view of the camera appears on the computer screen. The two light sources are turned on and adjusted in
tandem with the focus and aperture of the lens to provide the best image.

The software is then calibrated using a distance of two points. The two points are drawn over the length of
the taper as its distance is known to be 12 mm. This process is shown in figure 26. Using the
measurement tools in PFV, the taper is then adjusted to the correct parameters as defined by the matrix
entry for that corresponding run. The peristaltic pump is then set to its correct flow rate.
A stream of bubbles is then generated and carefully monitored to be sure the setup is operating smoothly
and all of its components are positioned correctly.

The camera can then begin to record at 2000 fps. It records two seconds of high speed video, from which
a smaller section may be edited. For the sake of redundancy, the videos were trimmed down to contain the
trajectories of at least three bubbles, although only one is required for data collection. The videos are then
saved and named by the parameters of their specific run.

Figure 26. Screenshot of Distance Calibration in the PFV Software

Figure 27. Screenshot of the Tracker Software

Data Collection
After the 24 video files were collected, they were imported into the Tracker software which tracks the
position, velocity, and acceleration of objects in video. The software is calibrated in a similar way to PFV
in that a calibration line is drawn across the end of the taper to its known distance of 12 mm. A set of
coordinate axes are aligned with the y-axis on the leftmost edge of the taper, and the x-axis with the base
of the slide. The frame rate of the video is also entered. The video is trimmed down to focus on the
trajectory of a single bubble. Two point masses are then created, each representing one edge of the
bubble. Points are carefully marked frame-by-frame in order to locate the position of the leading and
trailing edges. The result is roughly 300 to 400 points each with corresponding velocities and
accelerations.
Next, the data is exported to Excel, where it is formatted to be used with Matlab. Once imported into
Matlab, a code was used to generate graphs and produce a line of best fit. Position, velocity, and
acceleration graphs were created for each case.

7.3 Volume Flow Rate Calculation
𝐿𝑒𝑡 𝑡𝑎𝑝𝑒𝑟 𝑙𝑒𝑛𝑔𝑡ℎ = 𝐿
𝑉 = (𝑇𝑎𝑝𝑒𝑟 𝑊𝑖𝑑𝑡ℎ)((𝐺𝑎𝑝 𝐻𝑒𝑖𝑔ℎ𝑡)(𝐿𝑠𝑖𝑛(θ)) +

1
2

(𝐿𝑠𝑖𝑛(θ)(𝐿𝑐𝑜𝑠(θ)))

𝐴 = (𝐺𝑎𝑝 𝐻𝑒𝑖𝑔ℎ𝑡)(𝑇𝑎𝑝𝑒𝑟 𝑊𝑖𝑑𝑡ℎ) + (𝑇𝑎𝑝𝑒𝑟 𝑊𝑖𝑑𝑡ℎ)(𝐿𝑠𝑖𝑛(θ))
𝑄 = 𝐴(𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦)

7.4 Data Collection and Reduction

Figure 28. Table of Maximum Trailing Edge Velocities for Five Bubbles of the Same Configuration

Figure 29. Table of 5 Degree Results with Categorized Descriptions and Peak Velocities

Figure 30. Table of 2 Degree Results with Categorized Descriptions and Peak Velocities

Based on the behavior seen in the videos and graphs, a few key observations can be made.
●

The event of “bubble sticking” was not shown in any configuration

●

The event of “no squeezing” was not shown in any configuration

●

The event of “bubble squeezing” was observed in every case of the 5 degree configuration

●

The event of “bubble slingshot” was not observed in any case of the 5 degree configuration

●

Five cases of the 2 degree configuration showed backflow of the bubble

●

All other cases of the 2 degree configuration showed the event of “bubble slingshot”

●

No obvious trend in velocity of the 5 degree configuration

●

Velocities are higher in the 2 degree configuration

7.5 Discussion
“Bubble Sticking” and “No Squeezing”
The results above show insights into the mechanisms which drive these phenomena. From the previous
semester we identified two outcomes which did not display any beneficial interaction with the taper.
These events were “bubble sticking” and “no squeezing”. “No squeezing” occurs when the gap of the
taper is so much larger than the diameter of the bubble that no squeezing can happen. This event was
shown in every configuration of the 12 degree and 15 degree configurations in the previous work. By
focusing on only the 2 degree and 5 degree angles, this outcome was eliminated. In these cases, the
geometry of the taper gap is small enough that the formed bubbles must stretch in the x-direction in order
to flow.
“Bubble sticking” occurs when a bubble becomes stuck at the end of the taper preventing further flow.
After the end of the taper became blocked, bubbles would wander the sides of the taper and exit there.
With the addition of side curtains, this outcome has also been eliminated. The succeeding stream of
bubbles are now directed only toward the end of the taper, immediately clearing the obstruction.
“Bubble Squeezing” and “Bubble Slingshot”
In the new work, every configuration of the 5 degree angle showed “bubble squeezing” but never “bubble
slingshot”. Additionally, in the 2 degree configuration, “slingshot” was shown in every case (where
backflow was not present). These results support the previous findings which displayed similar outcomes.
It can be said that at 5 degrees, the taper gap is small enough to deform the bubble, but not great enough
to cause slingshot. At 2 degrees the bubble is deformed so much that its entire volume spans from the
inlet to the exit

Figure 31. Velocity vs. Time 5° at 0.6 mm Gap Height at 15 mL/min

If we look closer into the velocity data for this case, Figure 30 shows two defined spikes in velocity. The
larger of the two occurs earlier and is caused by the quick deformation of the bubble when it detaches
from the inlet. This is shown between frame c and d of figure 32 left. The smaller spike is caused by the
bubble exiting the taper, and is largely driven by buoyancy forces drawing the bubble upward towards the
surface of the water.

Figure 32. Velocity vs. Time 2° at 0.6 mm Gap Height at 15 mL/min

Compared to the 2 degree configuration which exhibits “bubble slingshot”, we see a larger, more
singularly defined spike in velocity seen in figure 31. This is caused by the bubble being squeezed to such
a degree that it is still attached to the inlet as it begins to leave the taper, effectively combining these two
events. When the trailing edge of the bubble finally detaches from the inlet, its leading edge is already
outside the taper and under the influence of buoyancy. This causes the trailing edge to move violently
towards the end of the taper creating this spike. This can be seen in the right side image of figure 32
between frame b and c.

Figure 33. Left: 5° at 45 ml/min, 1.2 mm gap height | Right: 2° at 15 ml/min, 0.6 mm gap height

In frames c-e of the 5 degree case on the left of figure 32, the bubble continues to travel under the taper
after it detaches from the inlet, but before it reaches the exit. In frame b and c of the 2 degree case on the
right of figure 32, the bubble is already exiting before it detaches from the inlet .

Backflow

Figure 34. 2° at 45 ml/min, 0.6 mm gap height

Shown in figure 33, backflow is when the flow of bubbles moves towards the inlet of the taper as opposed
to the exit. In 5 out of the 12 cases of the 2 degree configuration backflow occurred. This is caused when
the bubbles are deformed so greatly at their formation that the length of the squeezed portion exceeds the
length of the inlet gap shown in frame a. When this happens, the bubble continues to grow outside of the
taper until it detaches, creating a backwards flow. Though the data shows very high velocities for these
cases, they are driven only by the effect of buoyancy as opposed to the effects of inlet detachment. In a
full scale CPU setup, backflow is undesirable, as it is very important that the fluid flows towards the order
of the designed components.

Effects of Taper Angle, Flow Rate, and Gap Height
The parameter which influences the behavior of the bubbles the most is taper angle. Reduction of taper
angle was shown to increase maximum velocity of the trailing edge in every case. It also dictates whether
the bubble will squeeze or not and whether it will slingshot or not. In the 5 degree configuration, flow rate
and gap height have little effect on maximum velocity. The reason for this could be that the bubbles are
simply not being squeezed enough for it to have an effect. Though it has been established that there is
good taper interaction at this angle, the changes in bubble diameter from flow rate and the changes in
taper gap volume from gap height might be dominated by the effects of taper angle. For the 2 degree
configuration (omitting instances of backflow), there are trends of increasing velocities, but only within
certain columns. For the 15 mL/min case, velocity increases as gap height decreases. For the 1.2 mm case,
velocity increases as flow rate increases. But for the 0.9 mm case, velocity increases between the 15 and
30 mL/min entries, but then decreases at 45 mL/min. The reason for these discrepancies is unknown. But
again, the behavior could be dominated by the angle of the taper.

8.0 Conclusion
A testing setup was fabricated in order to replicate a mechanism observed in pool boiling which can
increase heat transfer by transforming pool boiling into self-sustained flow boiling using a tapered
microgap over a heater surface. An experimental setup isolates this phenomenon by replacing the
nucleating bubbles formed by a heater surface with an air injection pump in a volume of water. Bubbles
are influenced by the presence of a taper block which forces them to expand preferentially in one
direction. Experiments were conducted to find out which parameters of taper geometries and flow rates
were most likely to produce higher velocities and greater liquid throughput. Bubble motion was captured
via high speed video and position, velocity, and acceleration data was collected.
Preliminary tests were conducted with taper angles of 2°, 5°, 10°, 12°, 15°, and flow rates of 5 mL/min,
15 mL/min, and 25 mL/min. Outcomes were qualified into four unique categories: “bubble squeezing”,
“bubble slingshot”, “no squeezing”, and “bubble sticking”. “No squeezing” and “bubble sticking” were
determined to be unfavorable, while “bubble squeezing” and especially “bubble slingshot” were shown to
have high maximum trailing-edge velocities. It was observed that these high velocity cases were produced
in configurations of lower taper angles (2° and 5°) and higher flow rates.
A second round of experiments took the previous results and refined the studied parameters. A new test
setup was fabricated which improved the quality of the data collected. Taper angles of 2° and 5°, flow
rates of 15 mL/min, 30 mL/min, 45 mL/min, and gap heights of 0.3 mm, 0.6 mm, 0.9 mm and 1.2 mm
were tested. Gap height was not controlled in the preliminary work. High speed video was captured and
position, velocity, and acceleration data was generated.
Results showed a complete elimination of the two unfavorable outcomes of “no squeezing” and “bubble
sticking”. “Bubble squeezing” was shown at every configuration of the 5° case. “Bubble slingshot” was
shown at every configuration of the 2° case that did not exhibit backflow. Backflow occurred at 2° and 0.3
mm gap height with every flow rate and at 2° and 0.6 mm gap height with 30 mL/min and 45 mL/min.
Maximum velocities of the trailing edges were compared. No consistent trends were observed across flow
rates or gap heights. Velocities were higher for the 2° configuration. The parameter which has the greatest
influence on bubble behavior is taper angle.

From the results of this study it can be concluded that in order to optimize this phenomenon to produce
the greatest velocities and liquid throughputs, experiments should be conducted using a 2° taper with gap
heights in the range of 0.6 mm - 1.2 mm and flow rates in the range of 15 mL/min - 45 mL/min. This
information will guide the design of further experiments which will continue to maximize enhancements
in CHF and heat transfer in pool boiling.

9.0 Future Work
In the future, more studies could be conducted which continue to maximize the potential of taper
microgap in a pool boiling setup. Without modification to the current testing apparatus used in this study,
a few experiments could be performed. Firstly, a new matrix of parameters could be generated which also
includes the effects of inlet length with a 2° taper. Increasing inlet length would eliminate the instances of
backflow, but would effectively shorten the length of the taper. It would be interesting to see the
maximum velocity values for the trailing edge of the bubble for the cases which were once backflow.
These could be very high, since they occurred at such low gap heights and experience high amounts of
bubble squeezing, but the outcome could also be that velocities are reduced as a result of taper length.
Another study could be conducted which uses one of the alternate testing slides from figure 23. This slide
contains two holes and would produce two bubbles underneath the influence of the taper. This would
more accurately represent the nucleation of an actual pool boiling setup with a heater surface. It would be
interesting to see exactly how two bubbles interact, and if they would coalesce, and if so, would they still
exhibit the “slingshot” effects described earlier. Finally, full scale testing in a pool boiling setup could be
conducted which takes into account all of the findings from the previous work. A 2° taper could be used
and bubble behavior could be captured with a high speed camera. Other working fluids could also be
tested such as acetone or HFE 7000, a refrigerant used in previous experiments. Again, it would be
interesting to see if the outcomes described in this study are replicated at this scale.

10.0 Societal Context
The greatest contribution of this research will be its impact on thermal management systems. Aerospace,
automotive, and computer design are all examples of industries which have a need for liquid cooling.
Advancing technology shows an ever increasing demand to make systems more efficient. As a result,
more efficient cooling is required.
The technology on which this study is based has already been proven to improve heat transfer from a
CPU to its cooling system. [16] The coming experiments will expand upon these concepts and delve
deeper into exactly how this phenomenon occurs. Though a few configurations of this device have been
previously tested, it has not yet been shown exactly how bubble movement corresponds to liquid
throughput. By examining this phenomenon on a simpler stage, we are able to hone in its cause and
limitations. We may also learn if there is an optimal configuration which maximizes efficiency of liquid
flow and therefore, heat transfer.
By studying this method of cooling which increases HTC and CHF, researchers will know how to
manipulate bubbles in order to fully extract the rewards of the tapered microgap. Many different
industries will benefit as a result. Data centers and server farms contribute to a significant portion of the
World’s total energy consumption. 40 percent of that consumption is dedicated solely to the operation of
cooling systems. [19] With such a large portion of the energy draw coming from cooling, it is ever more
important to increase the efficiency of these systems and reduce the amount of power consumed.

11.0 Required Resources
The following resources were used to complete this study.
HardwareExisting test setup
Peristaltic pump
High speed camera
High powered light source
SoftwarePFV: Runs the camera
Tracker: Tracks object motion frame by frame
Excel: Visualize data
MatLab: Visualize data
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14.0 Appendix

Figure 1. Sample of Excel Data

Figure 2. Screenshot of Matlab Code and Sample Graph

